
~~~~~~~~
!86 H~~L UNIV L! XPT O F A  PPL ~~D PHYSISS 6 20 1

AFO5R—Tf~— 77—077UNCLASSIFIED

_ 111
END



— 
w—.—--—-—--

~~
- -----—--— -- V _______________ _______________ ____

~

AFOSR.TR. 7 7 - 0 ~ ~

LC iA ,~ •
~~ Sl 14 - 2 i i O

inti ~ct ion r ) ~ ~~~~~~~~~ : ~~ sc ~J W1’DF ~~~~ r d : a c ~ t~ ~‘; i th

3 : J ~ ~~
• ‘C ~ t3r g e~s

F’r~ n;i ;~ ~ tc ’ F rofessor S ..~~~ .

Dcp~ r u ~~ ir~: ol /‘~:pii ed Physics ,
ers~ tv of i t i  1 ,

~
i 1. fl :~ 7~ ’’ U . K.

Approved for public rele~ .
di strflutioa un1~~itod.

1s’~ Fc~’~~ary , 197 7.

rc~ c t ’ t : 1st Octoi~( r .  1~ 73 -- 31~~L ~\uguS t , 1976 .

PI~~~ Y~ d f~~’ [ I .  S. 1. F

~~~ 
-, (jf f ce of / ~ ~~~~ and Devel op~ent , London , Fnq~ ~~~

— - - — - - — ~~~flhIr 11d( — ..~



—
~~~ -~~~~ -

-

V

~~ E ( i ~’FICE OF SCIENTIFIC ~~~~ ~H ~~~~~
~~ TRANSMITTAL To DDC

L’:ch’~ica1 report has been revie .. 
~~rn:’ publi c release lAW AFR l~~~— 12

~ is unlimited.
i_i . ~~~j :: ::T
h:;iCal Inforn~ tion Offie~ r

L . .
~~



, 4 RC1O

~~

i L

~~

L t

~

1LN AT[ (~~ i’A(~~ till O l ( U H ~~l
1. Rcpor ~j  Nu~t bct .. _ 4~

. Govt Acccssion :~~. 3. c ip i  eni r C at a l o g  ,e~nb .~r
/
~ FOSR~~~- 7 7 - i 7 7 ~~f ______ 

_ _  

_ _ _ _ _

/ 

. 

~~~ ~i tl e  (and Se b ti t 1 e )~ --
~
- 

~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~ cia- U0’;~’r’~J

JNTE RACTION OI PULS E D CO 2 AN !) P U I 5 1 1 .T) 1IF/DF 
/ ~~ Final  ~c~ e nt i f i c  /tIf2

LAS ER ADIAT I~~ ~ ITI I GASEO U S AND SOLID / 1 Oct i~~73 — 31 Aug *76 , / 

___.~~~~~~ . ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

_ _ _  

D~ 3 ./James land 
~~~ Co n tr a c t oi Crant Nu ~ bcr

~~~j~~a~ T~~at i o n  ~~~ ne and Address  10 . l~rogram ~~~~~~~~ Project , 1a~ k

i~~p~~r trnent  of A7p lied Ph ysics Area ~ !~c~;i~ U n i t  Mr~b ers
U n iv e r s i t y  of Ik i l i  ~ - 6U02F ~ /7
Hull HU6 7RX , England //~~~~. 976 7~~~4 /

—

LI. C~ nt r o 1 lin g  O f f i c e  N~u :,c i~ud Ath1re.~s

Air Force O f f i c e  of Sc ien t i f i c  Research/NP ( ‘“1 i Feb i~ 77
Boiling AFB .

Washington , DC 20332 Ji. ~ imbcr ci lage s

14. Monitoring ~~ ency N ame and Ad drc s~ ~~~~~~~~~~~~~~~~~~
European O f f i c 2  of Aerospace Research 

~~
/ .- ‘ ,,..j,~yand fleve lopmcnt/LNP 

7 
I i

Box l4 j -fFE’O New Yor’
~ 095 ! C) -.

l O.  & 17. Dis t r ibu t ion  S La t w ~eni

Approved for  p u b l i c  r e l e a s e ;  d i F t r i b u r i e n  u n l i~~it ed

1U. Su~ olement ary  Notes ~~~ ~~ • 

19. Key Words -

U F / DF LASERS LASER INDUCE !) /‘1 ~O SPH E RlC BREAKDO WN
CO 2 LASERS LASER TARGET iNT ERA CTIO N

~-O. A b s t r a c t :  }iF a~ d DF laser r a d ia t  i. aa f rom an u n st a b l e  r e sona to r  was used to
stud y la rer  ir~&Iuccd Er eakdo wn in a i r , n i t r o g e n  and a ir ’~n . For u ir  a t  a p re ssur e
of 760 Lor r  a th r e s h o l d  of ~ x ]Q ~ ° wal  t- s/ cm 2 was found f o r  h F ’  r adiati .c . n i ndu c e d
hrc akde~ n. Th in  th r e s h o l d  ~ j i  opcw t ’cual to p~~~ 

~~~. The b r caA do s~n th r e s h o2 d  f a r
I pur e  Ar is 1.6 x 10 L0 watts !c.ii~-~ at  a tmosp h e r i c  pr~~~~~rc and scaici.. to t h e  —0.  ~5

pO~.~~i w i t h  pr cs~ u~-c.  The t! irc~ l’~~J.d f o r  DI” ids er Induced  br eaRd own of a~ r was tw i c e
the  th reshold  of HF l a se r  induced  breakdown .

IThe in~ erac tion of carbon tr rgc ts ~~ th p’.i~.sed CO 2 1n :~er ‘~~d f a t i o r i  wa~ ~i~~’Iied . fl~c
no 1 :,e u Id L !i ‘~a s S n ;moscc~~j s and the  i:’~~ - ~; u m  fl.u:~ d n~j it’’ r~~~~~e f i~o~~ A .~~ 1O~-~ i o
~ ~. ;.:at. ~/ c t~~ . Iho  i c a  expan ~;i r n ~ c aci. Ly , € 1  ( c t r o n  t ‘I ’ cr ~~’u : ~~ ~~~ Y-- r 1’,.

~ ‘ t ~~‘ ._ t1 i_ h i ’  r . ’ ) l ’ c f l  ~— : ‘ i a r t _  ~‘a .‘ i C ~~~~~~ •~~~~. ‘— ~~~;~~~j  ea, i~~j ;  ‘ i l’ ’ . 
~~~~~ , i ’ ) I l  ‘. ‘~~~~‘

~~~~~~~ ‘e t r c t  at t i i c ’  tii~ !v’rt flex n fl, ~~~~~~~~ ~~. 1O1~ Thj t t S / c U 2., whr r ~~~~ c N c ~
e lf  (. t ! e T I  t u I ~e r a t u : e  af ~ 1 , e ’.’ ~as e ; ’ : t c ~~. (~;ur ~ a ’ ’ ~~~~~ ~~~~~~~ 

— — ———.—,— .———-——.— ——. — . ~~ . —  — - — — — — . — - —— . .,—.—. - — .——. .— — -. .~~~ .—.—.———. —— — — . — . - . — .—— —— — .  - . — . — — —  

,1 .

I 
~~~~~ 

/ ‘~~~ ~~~

- 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~•.~ .~~~~~p,• V.,~~~~’ — ._ ~~ -. -

_ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _  _ _ _ _  

.

~~~~~~~ . ,



_ _ _ _ _ _ _ _

‘Ji ~e h’ser .intht ccd breakc1 o~ n thresholds f~~r Ar , I~~ acid CO 2 ~:a re n:ensu r 1’d ~.s- :rg  ~l,~~ ;~~ r :u i ~~.s ‘~ length 3 to 40 n ano secon3~~. In ar~~~n the  t h i t  ~‘hoid R e . r’es
fe’ pul  ‘e l e ng t h  less than  5 n ano secon d s  and i~ po~ c: de!’c r~~~~

- f c c
pu 1.~~e l~ n gth n  gr cate r t h a n  14 nano n cco nd c . A s i m i la r  t r c n si  t ic ’~’ bct~ ~~a T I C I  power dopcaidcl , Le is also exhibit a~J in u l. t i o~,en . In a ri ixture r,f C02 /N-’/he tEe
t1~

-
~~ h~ !d jar 1~ ner  induced br€~akde’~-n exIiibite’~ a pre~ surc ~ end.e~,co oi p~

0
~
3 f.~3 i rnosecond pulses. This is a ~e~ker presr,ure dop~ ndence 1~nn observed ~nj~::c• ’.’ Lcvs exPer1~ ents”~\ 

-

- ~~
. ,

~~ 
- . .

# . 
-
~~~~~~~

. ‘
~~~~~~~~ ‘- - . •~~~,

. 
- .



- -

into r.act iorl j !ulsec CO 2 und pul ‘;~ 0 HF/O F radi ion_~,‘ ith qeseous

~~~ 
soLi d t~) Y 1~~~tS

R .K. Dcka , P.E . Dyer , I) J. dames and S . P .  Ramsden

Dep~ r t r~c~ t of A p i  led Physics ,
Univers ity of Hull ,
H u l l , HU6 7R X , U.K .

~• i ~: ,g~~er

~,.iI, 
~~~~~~~

~~~~~ ~~~~~~~~~~ 

/ 

-

.±iI TIT.~~TTIi ~~ *\ , 
_ _ _ _ _



Introducti cm

This f inal report , ~.‘hich cover s the period 1st October 1973 — 31st Au qcr t 197f ,

deals  wi tO an expe r~riuta ~nv Lig:t~on into the int~r~ct 100 of hi pot!er

mo lecula r gas laser radiatio n with sol id and gaseous targets . In the fi rs t part

of the report the develo ~ r~iat of a short pulse (
~ 

fe’ti na nosecond ) and long pulse

(-k. 6Ons ) l0.~ ;r CO 2laser systc n is described and the resul ts of an invest ig at ion

into p lasm a production ~~~ sol id t a~~cts reported . M e act an~ants of breakdow n

thresholds in various oases of intc rest were a lso r~adc at 1D.6 in and the pulse

width dependence of breakdo m studied. In the second part of the report the

develop ment of a pulsed HF/OF laser is described , a long with the resul ts of gas

br eakdo~.’n threshold ee~m aic r~~’Ls iii A r. N2 and a ir vihi ch were nade us ing this

laser. A co irprehe nsive stuJ~’ of mo:I~. control using an instable resonator on

the  hi g h gain HF/OF ias~ r ~‘as a lso :;ui d~ and the results of these studi e s are

discussed.

The work carr ied cut  ia the fi rs t part of the report was underta Ken on

contract number A FOSR — 7 4 .2610 under the t i t le ‘Interaction of pulsed CO2 l a s e r

rad iation wi th gaseous a n d  so l id targ ets ’ an d in  the  second par t  un der the

title ‘Interact ion of HF/DF ‘loser radiation with gaseous and sol id targets ’.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ ___



PART I

)nte ract i on of pulsed CO2 1 aser red iati on with qets eous a i d  sol id ta ra e i s

1 . 1  Jntroduct ion

A short pulse TE A CO2 laser osc i l lator~~ opera ti n g  ~L atmos pheric prc~surc

was developed to invest igate the amp l i f icat ion of nanoseco ; d pulses in an

anipl if ier cha in w ith sn!al 1 signal puiri of 1 ~~~~~~ ~aasu reri~s is of the el iar ay

extraction efficiency w ere r ode to stud~.’ rotational seturat ion effects; the

problem of -inte r—stage isolation was also investigated. Pc~ k powers 1 GW

hav e been achieve d with 3ns pulses and problems associate d with focu;iii~ t h i s

power onto a solid target investigated . The system was used to measure

thresho lds for dielectric breakdown -in gases for various pulse lengths and

pressures and to generate p las mas from sol id carhoo targets . An osci l lator

was a lso devel o ped and used to study the inte raction of rela t ive ly  lor:g

durat ion (m 6Ons) high intcns ity lO . (
~ ni rad iation wi th  sol id targets.

1.2 CO 2 laser system design and devo lop me nt

Nanosecond pulse system

The experim e nta l configuration of the comp lete nanosecond pLilse osc il lato r-

amplif ier system is shown in Fig 1. A double discharge osci l lator and

ele~.tro—o ptic swi tch~~ was used to generate e ither a square pulse with a

risetime las and variable duration (3- S Ons) or a single 2ns mode --locked pulse.

T he type of pu lse was selecte d by vary ing the gas mixture in a Brewster ang le

N~Ci gas cell inside the cavi ty. A 2mm thick Ge plate at Brewster ’s an gle was

pos i tioned between the osci l la tor  and the GaAs st~i tc h to assist  in decoupling

the laser cavi 
~ 

formed around the airpi i fi ers by the osc i l l a to r output ni rror

and ~arnut . bac h— reflec t ion when the sw- itc h was not- ac t iv o ted . A further Hrewste r

a ngle (. 0 1)1 ~te after the sw i tch prov idod a re f lect ion analyse! ’ of hig h

disc i r i o t  00 (
~ 

l O s ) .  Doth the proawp l if ier  and the m.~ in eLp l i f iP r  wore

_ _ _ _ _ _ _ _ _  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~
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cxci ted using a double-disch a rge conf iguroti a i~
2
~ , these ampli fiers having

apertures of 4 x ~ cm 2 and  5 x 5 cm 2 res pecti vely. The s inqle pass qo in , G ,

of the preamp lifier was 10 and of the ma i n  am p lifi e r , lO~.

•rhe results of amplify ing square pul ses of var iable duration in the  m a i n

ampl i fier alone are shown in Fig 2 . The f u l l  line is a theoretical curve

calculated from the Frantz-Nodv ik theo~ ’~
3
~ modified to take into account

diva rgcnce of the beam a long ~he ampli f ier . We assume a saturation parameter

o F  l~ Oi;J .cm 2 corresponding to comp lete extract ion of the rotational leve ls bst

wj th the lowe r vibrational level frozen . For short pulses (< lOns ) tie see that

the out put ene rgy density is reduced d ue to rotational freezing where as for

2Ons pulses  the outpu t energy dens i ty  is inc rease d , p roba b ly due to lower level

relax a tion . Usin g these results a suitable pro—amp lifier was designed and

incorporated into the- sys tem. The additional gain (x 102) in t r o d u c e d  by the

pro- amplifier necessi tated the use of i n t e r s t age  i so l a t i on  and a 2 .5cm gas cel l

filled with SF6 at a pressure of 1 .5 torr was used between the pre—an iplif ie r and

main ani p lifie r to reduce p ro— la s ing effects . Since SF6 only  absorb s the

Pl4—P26 lines of the lO.4p CO2 band an NaC 1 prism was i nclude d to restri ct any

oscillation of the amplifier chain to this band. Preliminary experiments

indicated that the cell reduce d pr e— lasing effects si gnificantly while still

allowing the efficient transmission of nanosecond pulses . Using this

amp l i f ication system , 3ns dur ation pulses with out put powers > 1GW , and a beam

diver gence of 0.4 nirad wera generated.

An imp rove d polari zer-analyser confi guration was also studied in an attempt

to improve the de—c ouplinq of the am p lifier clf~in- from the osci l lator out put

mirror. This used two Bre ’ster ’s angle Ge p lates in reflection arran ged as

shown in Fig 3(a) .  It can he seen that , except  when  the  GaAs s w i t c h  is

act ivated , both p l anes  of polar iza t ion of an~pli f i ed spontaneous emission in the

am pli f ier chain will be los t from the system (Fig 3(b) ) .  Thus , if residu al

b li e ii ~ flU!’~~~fl i! the Ga ,’ , cr ,’sta l is ¶ 111 , pro—l i~~i rig does not occur cve n when

t ue oUtt ’ut is - c’:: H onro a solid ta s~’t . A ls n , the system g i ves good
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d i s c r i m i n ati on between the transmi tted si gn al when the s i tch is act i  voted to

that -in the uns ii tched state . Us i ng this confi qurati on laser energ ies “-‘ 6J

•in a 3iis pulse were obtained on target wi th approximatel y 0.5J in  a p repulse

arid wi thout the need for the prism and SF6 cell  descri bed above .

~~~~~n~jse (6Ons) laser osci l lator

To obtain relatively long dur ation (6Ons) pulses at hig h energ y levels  th e

main ani p li f i~’r was ope rated as an oscillator , the cavi ty consistin ci of a plane

gold coated Zr-Cu mi rror and an NaC 1 etalo n , separated by 6 .5w . The system

was apertu r e cl to g ive near sing le transverse mode operation and peak powers of

300MW achieved w i th a beam d iver gence of 1 mr a d .

Osc illator ~eve1o~n’ont

The mode-locked oscillator descr ibed in section 2.1 used a st~h1e r e sona to r

and TEt4
00 

operation was ensured by placin g a 6mm diame ter aperture w i t h i n  the

resonator. This , hotiever , severely limi ted the mode-volu me and thus the output

power of the dev ice .

It is advantageous in many applications to use a more powerful dri ve

osc i l lator since this necessitates a lowe r overal l  amplif ier ga in  for a given

output power of the system . We have developed an unstab le resonator oscil lator

wh ich may he operated to give either a train of mode--locked pulses of 3,is

durat ion or a sing l e  ax ial mode puls e us in g an SF 6 —He cel l in the resonator~
4
~

(Fi g 4 ) .  W ith a 5 x 5 x 100 cm 3 double—dischar ge system we have produced

trains of macic —locked pulses (3ns fl.HM) wi th pea k power ‘~ 300MW , and s i n g l e

ax ial mode pulses wi th peak powers of 14M W , both si.bst aa tiall y greater than can

be ach evc d wi th a con ventional stable resona tor. ~e hove invest igated the

propaaat icn rjf the annular output beam and shc~in that afte r sui table

transfoi-:n tiori using spatial fi lters it is suitab le for driving an ampl ifier

cha in~~

______ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  -~~
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1.3 Plasma productio n from so l id_ carbon ta rgets

Both laser sys tem s we re used in a study of the prope rti es of plasma

produced by the i t ,-o d iation of plane carbon targets . Previo us ~‘or k~
5 ’6 ’7~

with the 6Ons CO2 lasar oscillator at fl ux densities of 4.l0~~W . cm2 showe d tha t

the p 1 asma had a low re f lec t  i vi ty~
5
~ (< 1 O ’ )  and that a small fraction of the

e lectrons had ar ef fect ive ten perature of ~ 2keV ~
6
~ in con t r a s t  to an ave ra ge

electron temperature of lOO-- l 5OeV. A possible explanation is that non—linear

absorption processes are occu t ’ r inq duri r- :g the interaction . It was also shot -n

that , at the low cri t ical dens ity (10 19 (m 3 ) of the interaction , thermal

c o n d u c t i o n  p lays an important role , increasing the p lasma dimensions and lc~ding

to a weak dependence of asymptotic ion expansion velocity w ith laser flux

dens ity~
7
~ (v ~0 .l2) Wi th GOns duration pulses a steady-state density

pro file can evol ve and we have now extended some of these measure ments to

s horte r laser pulses during w hich there is insuffic ient time to set—up steaJy-

state conditions . Using  the s ing l e  mode o sc i l l a to r  a 5ns r e c t a n g u l a r  p u lse  was

se lected wi th the electro—opt ic  gate and amplified by the high ga in  ampl ifier

sys tem (Fig 1 ) . The laser pulse shape after amplif ication is shown in Fig 5 (a)

in which fi ve pulses have been superimposed to show the reproducibility of the

sys tem . The radiat ion was focused onto a t i lted carbon target in a vacuum

chamber ( p “-. l0~~ torr ) wi th an f/ b , 2 5cm focal length , plano convex NaC l lens

to give a spot diame te r of 140pm. The maximum flux density at the target was

5,1012 U ,cm~
2 an d ca l i b rated CaF 2 at tenuators  were used to ran ge th is  down to

4.lO10W .cm 2. A pair of X-ray detectors were arranged symmetrica lly about the

plasma to monitor the cont inuum emission and metal foil  fi l ters were used to

dete rmine the ef fect ive e lectron temperature~
8
~ . The signal from the X-ray

detectors (Fi g 5(h) ) las ts for ~~ lOns — significantly longer than the laser

pulse length . Ion expansion velocit ies were measured using a pair of biased

Faraday cup co l lectors . The ion probe signals are shown in Fiq 5(c) and at

the r e x iniur fl ux used in these experi ments no fast ion component~
9
~ was obs e rved.

— 

I

L._ . .- . -  — -—-- — - —~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~— - -— - .~~~~~- — - -  ~~~~~~~~ 
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Fi gure 6 shows the variation of io n expansion velocity with laser fl ux density ;

by comparison with the steady state situation the ion velocity (and therefore

the elect ron temperature) increases more rapidly with flux density (v ~ ~O .2
)

X—ray continuum emis sion was only detected at the highest fl ux densities

(
~ 

lO 12 W .cm 2 ) when an effective electron temperature of ‘~ lkeV was measured.

1.4 Gas breakdown studies at 10.6~m

Pulse w idth dependance of b re ak down thresholds

Smith 00~ has reporte d breakdow n threshol d measurements for TEA CO2 laser

pu lses in Ar which indicate that the threshold is independent of pulse width for

pulses > 5Ons duration. We have extended his  measurements to pulse w i dths in

the range 3—4 O ns using the sing le axia l mode osci l lator , e lectro— optic gate and

pre—amp lifier. In order to preserve the approximately square laser pulse shape

the output powe r was l imited to 10MW and the pulse  length  to ‘
~~ 4Ons so that

amplifier saturation effects were not severe . A typical pulse  sha pe used in

these measurements is shown in Fi g 7. The radiation was focused in a pressure

cell , containing the gas un der investigation , with  an f/ 5 , 5cm focal len gth

mirror .  The laser power was var ied us ing  ca l i b rated polyeth y lene and CaF 2
attenuators and the threshold for break down was defi ned as the power at wh i ch

the inclusion ofa2O% attenuator extinguished the visible breakdown spark. The

laser powe r at th reshold tias calculated from the measured pu lse s h a p e and

pulse energy and the focal spot radius calculated from the measured beam

divergence of l.4mrad ( FWIIfl ) after the preamplifier and the focal length of the

mirror.

Ar Th resholds

Thresholds were measured in Ar for pulses 3—4Ons in duration and pressures

in the range 20 — 74 0 tor r .  The varia tion of breakdown threshold powe r density ,

~th ’  wi th pul se width is shown in Fig 8.for three d iffe rent pressures . In eact~
case it is seen that for pulses ~ 5 nsec the thresho ld power dens ity exhibits an



inverse dependence wi th pulse wi dth , T , such that the enerqy thresho ld ,

E th ( = Pth i), app roac hes a steady value . Thus in this short pulse regime

the thresho ld becomes energy dependent . However , for pulses > l4ns a trend

can be discerned towards a constant power character ist ic.

In Fi g 9 t he th resho ld power density has been p lo t t ed  as a f u n c t i o n  of

pressure for various pulse widths . The slope of the lines is approximately

— 0.5 which it should he noted does not agree with the theory for recombination

or diffusion dominated breakdown ~~~~; a lso e l a s t ic coll is i o n a l  losses are

neg l igible at the pressure s used in these exp er im ents so that  th i s  cannot

exp l a i n  the observe d p ressure s c a l i n g . Howeve r , a poss ib le  loss mechanism

may lie the production of excited states and in order tc- investigate this the

measured thresholds have been compared with thos e computed by Rockwood et al~~
2
~,

in the presence of exc i t a t i ona l  losses . The resu l t s  of th is  com parison are

shown in Fi g 10, where the ex per imenta l  point s have been plotted against pressure

x pulse len gth . The ex per imenta l  points  cons i stently l i e  above the theoretical

curve an d th is may he du e to d i f f u s i o n  which  is ne glected in the quantum-kinet ic

model of Rock woo d et ab~~
2
~ . Nevertheless , the agreemen t between experiment

and theory is reason~bl’
,’ good . For example , for T = 3ns and a pressure of

760 torr the ex perimental and theoretical values are 3.3 x 1010 W ,c~
2 and

1.3 x l010W . c~
2 respectively; at p 120 torr these are 8.2 x l010W .ci~

2 and

6 x l&°W.c ~
2 respectively.

t h r e s h o l d s

The measured thresholds in Ar discussed in the previous section indicate

the importance of exci tat ional losses in dete rmining the brc~kdown threshold .

In mo lecular gases such losses would be expected to play an even more important

role due to the avai labi l i ty  of many levels below the lon isation leve l~
13

~ . To

invest iq~ te th is , thresho lds in research grade N2 were measured in the range

3— 4Ons and at pressures from 100-700 torr.
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Fig 11 show s the th reshol d powe r density as a function of pulse width

while in Fig 12 it is shown as a function of pressure . The pulse width

dependence is not unlike that obtained for Ar. For 1 ~ 10 nsec the threshold

exh ibits a constant energy behaviour while for -r > 20 risec a trend is seen

towards a powe r dependent regime expected for long pulses . A pressure

dependence for 3 nsec pu lses of p 0
~

3 is observed com pared to p 0 5  for Ar .

The weaker pressure dependence is presumably due to an increase in excitational

losses in N 2 as has been discussed prev iously for ‘~ 200ns durat ion pulses~~
3
~ .

Breakdown thres holds for CO 2 l a s e r  005 m i x t u r e s

Breakdown of the laser medium imposes an u p p e r  limi t on the max im um energy

that  can be ex tracted from hi gh p ressure CO2 laser systems . Measurements of

the breakdown threshold in CO2 laser  gas m i xtures are t herefore of considera b le

inte rest since these provide useful  data for the design of hi gh power devices~~
4
~ .

Because of this interest threshold measurements were carried out using a

l/ l /8:C 02/N 21’He mix ture which is ty p ica l  of that  used in TEA CO2 lasers .

For a gas pressure of 700 torr the measured threshol d was 2.7 x lO 10W .crn 2

fo r 3ns duration pulses and 5 x bO~ W .c m 2 for 2Ons pulses . The p u l s e  w i d t h

depende nce was similar to that observed for At- and N2 (Figs 8 and 11). A

pressure dependence of p 0
~
3 was obtained for 3ns duration pulse s which can be

compare d w it h a dependence of p 0
~~ 

obtained by Berge r and Sriith~~
4
~ using

‘~ 7Ons d u r a t i o n  pulses and 5/l/l:He/C02/N2 mixtures . The weaker pressure

scaling in our measurements is presumably due to increased excitational losses

for the short pulses used in the experiments .

The energy thresholds at 700 torr for 3ns and 2Ons duration pulses were

found to be 8lJ/cm 2 and l 00J/cni2 respectively. If these thresholds , which

were obtained using ‘~ l0O~jm diameter spot size , are scaled according to the

previously measured spot size dependence of threshold~~
4
~ reduced value s of

‘t~ 6 J.cm
2 and ‘~ 7 J.cm 2 are obtaine d for spot sizes ~ 0.2cm. These results

can be compared wi th va l ues of 10 J.cm 2 measured by Berger and Smi th~~
4
~ for 

— --—- -,- 
---~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~ -~~-
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7Ons pulses and “ 7 J.cni2 measured by Pan et al~~
5
~ using 2ns pulses in each

case for 5/l/l:He/C02/N2 mixtures at atmosp heri c pressure . A comparison of

our results with those predicted using the quantum kinetic model~~
6
~ shows

again that excited state production accoun ts well for the measured thresholds .

.~~~ ~~~~-



_ _ _ _ _ _ _ _ _

PART II

Interaction of~p~u1sed HF/OF laser radiation wi th  gaseous and sol id taraets.

2,1 I n t r o d u c t i o n

There is a conside rable interes t in HF/OF electrical l y in i t i a t ed  chemical

lasers because of their  h igh  electr ical—opt ical convers ion eff iciencies and

because part icularly for DF transiti ons , atmospheri c absorption is extreme ly

low . Al thoug h the h ighes t  ener gies and efficiencie s have been obtained using

hi gh energy e—beams to initiate reactions between H2 (or 02) and F2, much

information on such topics as atmospheri c transmission and testing of optical

components can be gained using l ower energy systems which can be excited by

producing a discharge in a mixture of H2 (or 02) and a fl uorine dono r such as SF6.

In th is  second phase of the project the objective was to study the inter-

action of pulsed HFJDF laser radiation with gaseous targets and solid targets in

a gaseous back groun d . In gases, of particular importance is the threshold for

laser induced breakdown ,since this is a fundamental limit to power transmission

through a gas . Measurements of breakdown threshol ds were thus made in air ,

nitrogen and argon using HF laser radiation (2.6 — 3.Opm) and in air using OF

laser radiation (3.6 — 4.Opm ). For this programme it was necessary to develop

a suitable high power HF/OF laser for the breakdown threshold measurements and

althoug h initial efforts were directed towards developing a lO—20J system

subsequent attention was diverted to the use of an unstable resonator on a

compact and highly reliable discharge system gi ving energies of ‘~. lJ. With

this system a focused intensity of < l0l~ W/cm
2 was obtainable , this proving

adequate for breakdow n measurements in the 2.Rpm and 3.Spm wavelength region ,

at least for gas pressures ~ 200 torr.

~~~ — 

4.
- - -

~ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ ~~ -, - -~~~~



r ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

- 1 0- H

2.2 Laser Development

Self—s ustained discharge excitation of SF6—H2 or SF6 — hydrocarbon gas

mixtures has been obtained by various workers t
~
l7
~~
9) using electrode

configurations similar to those developed for TEA CO2 lasers . The generati on

of arc-free high energy density discharges is , however , considerably more

di fficul t in this case due to the large attachment coefficient of SF6 (
~ 

9.lO9s 1

torr~~) which makes the required degree of pre-ionization~
20
~ d i f f i c u l t  to

achieve .

The problem has been overcome to some extent in ‘double—discharge ’ systems

by minimizing the delay between pre— ionization and initiation of the main

discharge 08~. An alternative , and some~ihat simpler approach , is to use

resistively ballasted electrodes to stabilize the discharge agai nst arc

formation. The use of discrete resisti ve electrodes has enabled Pummer et

to obtain lOJ HF laser  pulses from a ‘~ 6~ device . By using continuous

resistive electrodes , a configuration potentially more suitable for producing

uniform ‘vo l ume ’ discharges , it appears possible to improve the performance of

the 1aser~
2
~~. Becaus e of the apparent advantages of thi s latter scheme our

initial studies were di rected towards constructinq such resistive electrodes .

Continuous resisti ve electrodes

Resistive electrodes were constructed from a composition of styrene

acrylonytrile (SAN) and graphite by compression moulding at 200°C and a pressure

of 100 KG.cm 2 (22)~

Our aim was to produce electrodes with resistivi ty of ‘~~ l0c~cm which has
‘,v ., -~-: 

~~~~~~~~~~

been reported ‘to be ’ an optimum value ’ 
~ihe

’
~Yu~~charge stat~ility and the energy

dissipated in the electrode are considere d~
22
~. A range of electrodes with

various filler (graphite ) concentrations was made and i t  was found that whilst

mechanically strong samples could be produced with resistivities ~ 1OO~cm ,

below this value the electrodes were extremely brittle and unsuitable for our

pur pose .

- - ~~~~~
_ =-=t-- _ — - 
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Electri cal tests were carried out using severa l sample electrodes in the

circuit shown in Fig 13 and the results are summarized in Table I. These

show that althoug h useful energy densities could be achieved with small vo l umes ,

scaling to larger discharge dimensions could only be achieved at the expense of

input energy density .

u .v. pre .-ionized discharges

Conditioning of TEA CO2 laser discharges by irradiation with ultra -violet

radiation has proved a powerful technique for producing high ene rgy density

discharges over a wide range of pressures and ope rating conditions . Some

studies were therefore conducted to determine whether this technique could be

app lied to HF/DF laser excitation . The experimental arrangement and discharge

ci rcuit is shown in Fig 14. A 30cm x 2cm Bruce profiled aluminium electrode

and a plane mesh electrode were used with a separation of 1cm . A line of

sliding sparks~
23
~ situated beneath the mesh electrode was used as the u.v.

source . The system was initially tested using a C02:N2:He gas mi xtu-e and

operated successfully at discharge energy densities up to 20OJ.~~ at~~.

However, when operated wi th SF6 :H 2 :He gas mixtures over a wide range of

parameters (pressure , discharge energy density , delay ) it proved i mpossible to

generate uniform gl ow discharges . The failure to achieve uniform discharges

is attributed to the high electron loss rate through attachment to SF6 which

limi ts the degree of pre—ionization .

The electron density during the pre—ionization phase is described by

dfle ~
“

S — 

~ e . ...(l)

where S is the rate of photo-electron production ,

and ~ is the attachment coefficient.

In the case of the CO2 laser the minimu m pre—ionization electron density mus t

be > ~~ cm
3 (20) for unifo rm discharge initiation and values of 107cni 3

• -- • ~~~~~~~~~ - - ~~~~ - -  —~~~ --_ _ _ _ _ _ _ _ _ _ _ _ _ _ _
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are probably achieved in practice~
24
~. Since in the absence of an electric

fiel d the attachment rate in CO2 laser gas mixtures is low , this density can

build up during the “~ 2ps de l ay which is normally used , i.e. neo 
= fs dt.

This implies a value of S ~ 5.l0~
2 cm 3 s~ for t1eo ~ l0~ cm

3.

In the case where attachment is significant , integration of equation 1

yields

= 5/~ {l - ~t}

Taking the room temperature attachment coefficient of SF6 at a pressure p(torr )

to be ~ 9.109p s~ 
(25) and assuming a similar production rate of photo-

electrons to the case of CO2 discharges i.e. S ~ 5.10
12 cm 3 s~~, we find that

~ 
rapidly reaches a steady state value , 0eo’ given by

5.1012
eo 9.lO9p

For typical laser operating pressures of P 40 torr , we obtain n ~~ 10 cm 3
SF6 eo

which is well below the level required for conditioning the discharge. Thus ,

the u.v. sources must be much more intense than those used in CO2 lasers and a

delay between pre—ion ization and initiation of the main discharge will be

detrimental becaus e of the short electron lifetime .

In order to develop a u .v. pre-ionized HF/OF laser further studies will

have to be made of the following areas:

(1) Development of fast, hig h current u.v. sources.
-

~~ ••~.u

(ii) Timing requirements between p’L~~~nizer and ~ain discharge.

(iii) Increasing the background ionization by the use of low ionization

potential additi ves and reducing the SF6 attachment coefficient

by applying a d .c. bias field across the main discharge gap.

____________________________________________________________________________ 

~ 
S I
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Resistor-pin laser

A resistively -ballasted pin laser was constructed using a matrix of 280

1Kc~ resistors as the cathode and a plane aluminium plate as the anode (Fig 15).

The electrodes were housed in a l.2m long, evacuab le lucite box wi th

detachable Brewster ’s angle window mounts and provision for mounting internal

mirrors . The electrode separati on was “ 4cm and the pins were distributed over

an area of “-i 2 x 100 cm2. The discharge was excited using an oil—immersed

l umped—Blu ni lein inversion circuit , Fig 15 , in which the capacitance could be

readily varied , each stage consisting of up to 15 Sprague 40kV 2.4nF capacitors .

Charging vol tages from 20—40kv were used giving peak excitation fields up to

20kV cni~~. Voltage and current waveforms were monitored using a capacitance

divider probe and a fast current transforme r respecti vely. The laser was

operated using SF6:H2 mi xtures at pressures up to “~ 100 torr; at pressures

~ 40 torr the discharge appeared to be uniform whilst at higher pressures some

localized arcs were observed superimposed on the uniform discharge . The

occurrence of these arcs did not appear to significantly affect the

characteristics of the laser output beam up to pressure ‘~~ 100 torr.

2.3 Laser Performance

Operating Characteristics — Stable Resonator

A study of the laser performance was carried out using a stable resonator

formed by a concave lOm radius of curvature Au coated copper alloy mi rror and a

plane NaCl etalon separated by l.5m., The laser energy, was measured using a
- -  —•- “, tr ~~. .

• • - , ‘.~~ - ~~‘*~t •,~

Gentec pyro—electric joulemeter and the piil~ e shape monitored by scattering a

small fraction of the output radiation onto a Judson InAs photovoltaic detector.

The response time of the detector with 1 vol t reverse bias was measured using a

subnanosecond l.O6pm laser pulse to be ~ 2ns risetime and ~ iOns failtime .

This detector thus provided adequate time resolution for the experiments in which

the laser pulse length was typically ~ lOOn s.

_ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _ _  _ _ _ _ _ _ _ _  4
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In Fig 16 the variation of output energy with SF6 + H2 pressure

~ H2~
’
~SF6 

= 1/9, Vc = 30kV) shows a disti nct maximum at 40—50 torr. The

variation with H2 partial pressure is shown in Fig 17, the optimum N2 pressure

being in the range 4—8 torr for a fixed SF6 partial pressure of 54 torr.

Replacing the H2 with C3H8 produced no signifi cant change in the electrical or

laser output characterist ics w ith the exception of pulsewidth which was

somew hat broader ~:ith C 3H8 as the hydrogen donor. The output energy wi th C3H8
was found to optimise at ‘~~ 40 torr tota l pressure with Pr-. H /P ~ = 1/19. When

‘-‘38 S16
helium was added to S16-H2 or SF6—C3H8 mixtures the output energy was always

reduced , the laser pulse shape remaining substantially unchanged .

In Fig 18, the variation of output energy with the l umped Blun ilein

charging voltage is shown for two values of the capacitor C1 (Fi g 15). Also

shown is ~he variation when the Blumlein was replaced by a sing le O.lpF

capacitor.

The results shown in Figs 16—18 for SF6—H2 mixtures were obtained with lkc~
current limiting resistors ; when 330c2 resistors were used there was no si g-

nificant difference in the da ta . Since measurement s of the laser current

indicat ed that a relati vely small fraction (
~ 

10%) of the discharge energy was

dissipated in the ballast resistors the results woul d be expected to be

approximately independent of the resistors used.

With an optimised SF5-H2 gas mixture of ~~ 36 torr SF6, “~ 4 torr H2 and

40kV charging voltage (C1 = 36nF) the maximum laser output energy with the

stable cavi ty was 1 .1J , the peak power ‘~.. 4MW and the laser pulse shape as shown

in Fig 19. The electrical —optical efficiency was 2%. With the stable

resonator the beam divergence was measured to be ~ lOmrad implying hig hly

multi-mode oscillation . Since it is known that the gain of the HF l aser can be

very high~
26
~ (> 0.1 cm~~) this large dive rgence is probably due to parasitic

modes superimposed upon the normal resonator modes . This is consistent with

the finding that a substantial fraction of the laser energy appeared even with

— 
~~~~~~~~~ 
- - -— ‘  
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the NaC1 coupl ing mi rror removed. Some reduction in the parasit ic energy was

ac hieved by coating the Brewster window mounts and the mi rror holders wi th

‘Nextal ’ matt black paint .

2.4 Unstable resonato r studies

The hich divergence of the pin laser when operated with a stable resonator

precluded obtaining breakdown ove r the range of parameters of inte rest to this

study . To improve the beam quality an unstable resonator configuration was

therefore designed and fabricated , and tested under similar operating conditions

to those described above . Previous studies with TEA CO2 lasers~
27
~ had shown

that such resonators could lead to significant improvements in laser performance

and were particularly suitable for high gain systems~
28
~.

For the unstable resonator studies the cavity was formed by a 5cm diamete r

plane mi rror and 1cm diameter , 9m radius of curvature convex mi rror , both of

wh ich were Au—coated . The mi rrors were separated by a distance of l .Sm and the

convex output coupling mi rror was mounted on a 2mm thick Infrasil flat. A 200

wedge angle between the Infras il flat and the mirror surface was used to prevent

feedback to the laser from the surfaces of the flat (Fig 20). From geometrical

ana1ysis~
29’4~ the ~s~ignifi cation , N, of the resonator was calculated to be 2.2,

the round-trip loss factor , 5 , 79~ and the radius of curvature of the output

annular wavefront at the convex mirror , R ’, 5.5m . A variable diameter circular

aperture placed in the cavity and located near the output coup ling mirror was

used to vary the outer diameter of the output beam. It should be noted that

this aperture was used to control only the effective magnification , Me~ 
of the

emerging annular bean , the cavi ty loss factor , s , which is determined by the

mi rror parameters , remaining unchanged.

The far field of the unstable resonator output was formed by focusing wi th

the mirror arrangement sho’.in in Fig 20 and recorded by burning exposed Polaroid

film. In prelim inary experiments it was found that the ful l angul ar width of

the focused spot ~i~s ‘~~ 1 nirad showing a considerable improvement over resul ts

- - ~~~~~~~~~~~~~~~~~~~~~ -
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with the stable resonator but still significantly larger than expected for

diffraction limited performance . A detailed inspection of the far-field

patte rn i n d i c ated astigmatic wavefront aberration which was traced to the

Brewster angle window s . This resulted from slig ht curvature (lensing ) on the

flats and was not due to the intrinsic aberration introduced by a ti l ted

window into a diverg ing beam. To overcome the problem one of these windows was

eliminated using an internal mirror cell and the other replaced by a high

quality NaCl flat (‘
~~

.
~

- ~ cm~ in the visible). The resulting far—fi el d patterns

were then found to be very close to diffraction limited; at Me values � 2.5

the far-field pattern exhibited a high degree of ci rcular symmetry (Fi g 2la);

however , at larger apertures some degree of distortion was evident (Fi g 2lb).

This distortion is attributed to residual wavefront aberrati ons introduced by

the NaCi window and the Infrasil flat.

The radial energy distribution in the far-fiel d ring pattern was obtained

for various values of M~ by placing a circular aperture concentri c wi th the

pattern and measuring the transmitted energy as the aperture diameter was

varied (Fig 20). Experimental results for Me = 1.5, 2.2 and 3 are shown in

Fig 22 together with. the theoretical radial energy distributions for a uniformly

illuminated annular aperture . The experimen tal results are seen to be in

reasonably good agreement wi th the theoretical predictions .

The energy fl ux density distribution in the near field at distance ‘~~ 20cm

from the output coupling mi rror, was obtained on a shot by shot basis by scanning

an apertured joulemeter (resoluti on 1mm) across the beam . Results of this

measurement are shown in Fig 23 where it can b~~s
’een that the beam is conside rably

wide r than expected from geometrical mode theory . The nonunifo rmi ty of the near

fiel d distribution (Fig 23) is probably sufficient to explain the discrepancies

between the experimental and theoretical radial energy distributions in the far

field shown in Fig 22.

The effectiven ess of the unstahl~ resonator is controlling parasitic

oscillations w;s demonstrat~ci using the experimental confi guration shown in Fig 24.



- _______

With this arrangement any radiation falling outs i de the 2.0 mrad collection cone

of the central ho le  in the plane mir ror , N2, was reflected onto a joulemeter ,

E2 (Fig 24). The central hole diamete r was chosen to pass > 95% of the

unstable resonator far—field energy for a diffraction limited beam with Me ~ 1.5.

The energy at E2 and the total output energy , at E1 , were then measured with and

wi thout the convex resonato r mirror masked by a 1cm diameter absorbing black disc.

Wi th the disc in place the total ‘parasitic ’ (i.e. no coup ling mi rror) energy

was 0.32J and 72~ of this -energy was recorded at E2. Wi th the unstable

resonator operative , however , the fraction of energy at E2 was drastically

reduced being ~ 2~ of the total output energy of 0.8J in this case. It thus

appears from this experiment that the intracavity fl ux of the unstable resonator

grows to a magnitude sufficient to cause gain saturation before the threshold

for parasitic oscillati on is reached . A similar effect has been reported for a

dye laser operated with an unstable resonator~
30
~.

The unstabl e resonator laser was also operated with SF6—D2 gas mixtures

producing laser action at 3.6 — 4~m from OF. Again , careful studies of the

beam quality using the system shown in Fi g 20 showed that essentially diffraction

limi ted performance was achieved as in the case of HF.

Parameter study fer HFJDF operation

A parametric study of the unstable resonator laser was carried out for HF

and OF operation in order to optimise the system performance. For these studies

a fas t,nitrogen cooled ,Au doped Ge detector (SBRC ) was used to obtain the laser
- ~~~- ~~~ - - s ’ - -

pulse shape and energy measurements made u~ing a comm~~cial pyroelectri c

joulemeter. Peak power measurements were made by integrating the laser pulse

shape and requiring that the area under the curve be equal to the laser energy;

the accuracy of the power measure m ents was ‘~~ ± 15% .
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HF operation

In Fig 25 the depen dence of laser energy and peak power on the relat ive

concentration , 
~~
, of hydrogen in the gas mixture is shown for various operating

pressures and VC 
= 40kV . Here ~ = 

~H’~~H 
+ P5) where and P5 are the partial •

pressures of hydroqen and SF6 respectively. Maximum energy and power output

occur for y 0.07 and y 0.15 respectively, these optim3 being approximately

independent of pressure over the range studied. The occurrence of signi ficantly

diffe rent optima for power and energy is attributed to the fact that maximum

energy is obtained under conditions which maximise the net HF production during

the excitation pulse~~~ whereas the hig hes t peak powe r is expected to resul t

when the initial rate of HF production is a maximum. Under the latter

conditions the initial pump-rate and hence rate of rise of laser gain are optimi sed

leading to hig h output power th rough efficient gain—switching in a similar manner

to the TEA CO2 laser~
32
~. Qualitatively, the decrease in peak power for non—

optimum y can be explained by noting that for low y there is insufficient H2 for

rapid HF production via the reaction H2 + F -* HF + H, whereas for high y the F

atom concentration is reduced due to decreased SF6 dissociation . The latter is a

result of the increased discharge energy losses d-~e to ionization and dis-

soci tion of H2~
31
~ . For optimum energy odtput the HF production rate must be

max imised consistent however with minimising the deactivation of vibrationally

excited HF; the optimum ~ for energy thus occurs at lower values than for power ,

since although the HF production rate decreases , vibrational relaxation of HF

by 112 and ~~~ ~~~. reduced leading th lc’~- . duration ~ilses . This is suppo rted

by the experimental results which show that the laser pulse w i d t h inc reases

progressively with decreasing y, varying from ~ l6Ons at y = 0.36 to 2ijS at

= 0.01.

The variation of laser energy and power wi th the total mixture pressure is

shown in Fig 26, for an SF6—H 2 mixture ratio optiniised for energy (SF6/H2 ~ 13/1 )

and c harging voltages of 40 and 25kV . The pressure at which the energy output

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~~~~~~
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maximises wi th V~ = 40kV is ~ 44 torr , the outpu t un der these con d i t i o n s  be in g

~ 65OmJ . At V~ = 25kV the enerqy maximises at a lower pressure of 30 torr

g iv ing  energies of ~ 300mJ . In both cases i t can be seen from Fi g 26 tha t

max imum pea k powe r is obtained at a considera b ly h ighe r pre ssu~ than those

corresponding to the optimum energy . It is again possible to interpret this

resul t in terms of the different conditions that must be satisfied for

efficient energy extraction and effici ent ga in— s~:itching as discussed previously .

At high pressures the pumping reaction 112 + F ÷ HF + H proceeds more rapidly

leading to efficient gain—swi tching and the generation of high peak powers but

the laser pulse width (and hence energy) is reduced due to increased vi b rational

deact ivat ion . For the condi t ions  of Fig 26 and VC = 40kV , the pulse width

decreased from ~ lps to 0.4i s, as the pr essure was increased from 15 torr to

90 to rr. For the same pressure range and V C = 25kv , the pulse width varied

from l.5ps to O.3p5 .

From the time resolved measurements of the discharge voltage it was found

that with the optimum operating conditions for energy ext rac t ion  of V~ 40kV

and p = 44 torr , the avera ge exci tation f ie ld  sus ta ined on the laser d i schar ge

channel was 260 Vcm~ torr~ which corresponds to an average discharge

electron energy of ~ 3eV. This result is in agreement with nieasurenie Ls

reported by Obara and Fujioka~
33

~ who show that for a given excitation voltage

the optimum pressure is that at wh ich the average discharge electron energy

matches the dissoca tion enerqy of SF6 which  is ‘~~ 3.1eV. Thus , as the

excitation vol tage is decrc~ased the op t i mum pressure decreases~
33
~ (Fig 26)

since this maintains the appropriate average e~ectron energy for effi c ient SF6
dissocation . Measurements made of the influence of charging voltage on laser

po-fo rmance w ith otherwise f ixed  parameters , showe d the power and energy to be

linearly dependent upon V~ between 20 and 40kV. For an optimised gas mixture ,

max imum laser efficiency of ‘~. l.l7~ was obtained at a charging vo ltage of 30kv .

__________________ — —  —~~--—.~ i~~~~~
- ---- - - —__________________________________________________



- 20 -

OF operation

A study of the laser pe rformance for OF operation was made in order to

provide comparative data for the HF laser studies and also to define suitable

ope rating cond itions for use of the laser in breakdown studies .

In Fi g 27 the variation of OF laser energy at peak powe r is shown as a

funct ion of -
~ fcr V C = 40k V and pressures of 22 torr and 37.6 torr. Here y

p /
is de f ine d dS ‘(P 0 + P5) where P0 is the partial pressure of deuteri um and

the partial pressure of SF6 in the gas mixture . As w ith the HF laser the

op t imum -
~ for energy ou tpu t  is l ower than tha t for peak power , the o~,tmnium

l y in g at y 0.1 and y 0.2 respect ively (Fig 27). These values are slightly

higher than those obtained for the HF laser. Under comparable conditions the

DF laser pulse len gth was found to be longer than that for HF operation , the

pulse w i dth  varying from ~ 3.O pS at -
~ 0.022 to O.l7Op5 at y 0.39. The

increased pulse width with OF is attributed to the fact that the rate constant

K for the formation of DF via the reaction

K
D2 + F -

~ D F + O

is smaller than the corresponding reaction for HF by a factor of ‘~~

This lim its the OF production rate and maximum laser energy extraction rate to

l ower values than for HF.

The variation of OF laser energy and peak power wi th pressure for an

energy optin ilsed mixture (SF6/02 = 9/1) is shown in Fig 28 for V~ = 40kV and

25kV. A maximum output energy of “~ 600mJ was obtained at 50 torr total

pressure with V
~ 

= 40kV . As wi th the HF laser the optimum pressure for energy

extraction decreased as the excitation voltage was reduced (Fig 28).



HF and OF Emission Spectra

A study was made of the niultilj ne emission spectrum of the HFJDF laser when

operated using S F6 -112 and  SF6-D 2 gas mixtures . The output laser radiation was

focused into a 0.8 metre Czerny—Turner monochromator which was equipped wi th

300 £/mm and 250 z/mm blazed diffraction gratings for HF and OF measurements

respectively. For spectral energy distribut ion measurements this detector was

replaced by a pyroelectric joulenieter.

For an energy opt imised mixture of SF 6 /H2 ‘~. 13/1 and p 45 torr the HF laser

emission spectra was observe d to consist of 18 P branch transitions in the 3+2, 2+1

and l-~0 vibrational bands of HF. The emission spectrum covered the wavelength

range 2.6 — 3.Opm , the d istribution of energy in the various lines being as shown

in Fig 29. Maximum energy was obtained in the P2 1  band , the P 1 0  hav ing  a

sim ilar but sl ight ly lowe r energy content . The relative distribution of energy

in the P : P : P bands was 0.88 : 1: 0.26 which can be compared wi th a3÷2 2÷1 1÷0
ca lculated distribution of 0.84 : 1 : 0.25 reported by 1-loug h and Ke rber~

35
~ for

the SF5—H 2 chemical  laser .

From time resolved measurements it was found tha t the P(3), P(4) and P(5)

lines in the 2÷1 band oscillated fi rst , these l ines  being delaye d by i~ 7Ons with

respect to the start of the current pulse. The observation of earlies t lasing

on the P2÷1 band is consistent with the fact that the pumping reaction H2 + F÷ HF + H

selectively populated the V = 2 level of HF~
34
~. Simul taneous lasing on several

J lines of a given vibrational band was observed to occur , giving evidence of

relatively slow rotational relaxation at the pressures emp loyed~
35
~. Sequential

J shifting from low to high values also occurred through the laser pulse as

reported by previous investigators~
36). This behaviour may result due to a

decrease in vibrational temperature wh i ch occurs as laser energy is extracted or

through an increase in rotational temperature during the laser pulse , or , possibly,

due to a combination of these effects .

For SF6-1)2 ope ration , the laser emission spectrum consisted of 26 P branch lines

in the 4-3 , 3÷2, 2-~l , 1÷0 vibrational bands of OF. The distribution of energy in

I 
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the lines is show n in Fig 30 for an energy optimised mi xture ratio of SF6—D2
9/1; the relati ve energy per band was P4~3: P3+2: P2~1 : P1÷0 = 0.12;

0.82k 1; 0.71 . Earlies t lasing occured on the 3+2 band (P3+2(4) ) with a

delay of ~lW ns with respect to the start of the current pulse. Simultaneous

lasing t~ii thin a given band and sequent ia l  3 s h i f t i n g  was observed as wi th  HF

operation.

2.5 HF/OF Breakdown measurements

The exper imental arrangement used to measure thresholds is shown in Fig 31.

The output from the unstable resonato r was directed by mi rror N1 into a

pressure ce ll , C , which could he either evacuated (p << 1 torr) or pressurised

to 10 atm (Fig 31). Radiation ente red the cell through a ti l ted NaC1 window

and was broug ht to a focus by a 25cm focal length mi rror , M3, at an effective

a per tu re  r a t i o  of ~ 6 .5 . An NaCl beam spl i t ter , B , was used to direct a know n

fraction of the incident l aser radiation onto a calibrated joul emeter (Lumonics

20D) to monitor the laser energy on each shot. Scattered laser radiation from

the joulemeter surface was detected by a hig h speed Au doped Ge detector, 0,

terminated in 50c~ and the pulse shape displayed on a Tektronix 556 oscilloscope .

For measurements wi th the HF laser a set of attenuators , A , (Fig 31) was

constructed using Infrasil substrates coated with thin fi lms of Inconel to

provide an approximately wavelength independent attenuation over the laser

emission spectrum. Robus t and damage resistant coatings were obtained by

depositing the Inconel film on heated substrates (‘
~
. 200°C). For the DF laser ,

glass filters were used as attenuators (Chance— ’PiIkington , Type ON).

Particular care was taken in the experiments to preserve the hi gh beam

quality furnished by the unstable resonator. For example , provision was made

to monitor the far-field distribution during a series of breakdown measurements

by removing the kinematically located turning mi rror M1 (Fig 31); in this way

any misal ignment of the resonator coul d be easily observed and corrected. The 

-~~~~~~~~~~~~ -~~
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breakdown cell was carefully aligned wi th respect to the incident laser beam to

minimise off—axis aberrations and the optical components used in the system

were tested by observing their effect on the far—field distribution and were

chosen to give negligible beam degradation .

It is interesting to note that gas breakdown could be obtained in the

cell at relatively low p ressures (< 1 atmosphere in air) even when the output

coupling mirror of the unstable resonato r was removed. This is thought to be

because the remaining laser mirror and breakdo.in mi rror formed a high loss

unstable resonator ~:ith an intracavity focus . With the output coupling mi rror

in place , however , the attainment of breakdown was always found to be

critically dependent upon the resonator alignment indicating that , under these

conditions , the laser was controlled by the pri mary unstable resonator.

In our experiments the breakdown th reshold was defi ned as the intensity ,

at which the probability for spark formation was 0.5, where 4
~T 

is given by

4~Po= 2
~ d~

Here P0 is the threshold laser’ power determined from the measured laser energy

and pulse shape , ~ is the fraction of energy in the centra l lobe of the far

field diffraction pattern (typically ‘~
. 60% in these experiments ) and d0 is the

diameter of the fi rst minimum of the diffraction pattern which is deri ved from

the measure d diffraction ang le (Fig 22) and the mirror focal distance. is

thus an average intensity ove r the central l obe and may underestimate the

breakdow n intensity since the peak on-axis intensity is computed to be ~ 4 times

hig her for a diffraction limi ted profile. We chose to use 
~~~~~~ 

however , since

it could he deri ved from directly measured quantities . For the HF laser the

spot size , d0, was calculated to be ~ 4Opm. An estimate of the blur diamete r,
~~
, introduced by spheri cal aberration can be made using~

37
~

8 x 1 0 3

F

1

~
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where F is the effecti ve aperture ratio of the focusing mi rror and f the

focal dist~ice . For F ~ 6.5 and f = 26cm , ~ is calculated to be ~ 8pm and ,

assuming the spot dianl2ters combirie as~
38
~ (d~ + ~2)~ spherical aberration

can be neg lected in calculating the spot size. The HF laser pulse duration

was “~ 120 ns at fwhm (Fig 32a) and al though there was some structure this

was reproducible. For OF the spot size was calculated to be 5Opm . The

OF laser pulse shape (Fig 32b ) also had a reproducible structure , the

effective pulsewidth at fwhm being similar to that for HF. In these

experiments the relative error in the threshold dete rmination was estimated to

be ± 20~ and the absolute error approximately ± 50%.

Exper imental Results and Discussions

Figs 33—35 show expe rimentall y dete rmined breakdown th resholds , 
~~ 

for

multiline HF laser radiation focused in various gases. In Fig 33, the

vari ation of 
~T 

with pressure over the range ~ 300—3400 torr is shown for dry

air togethe r with some data for laboratory air. It is evident that there -is no

significant difference in the two cases . At a pressure of 760 torr a break-

down threshold of ‘~~ 6.1010 W .cm 2 was found and , assuming a single power law

dependence upon pressure , p, a least square s fit to the data gave 
~

Data were also obtained using research grade N2 and , as can be seen from Fig 34,

the threshold value and pressure scaling are very similar to those determined

for air. This result suggests that  the N2 component in air is dominant in

the breakdown process , presumably because of the strong inelastic energy losses

associated wi th vibrational excitation in this ~~~~~~ The measured pressure

dependence 
~~ 

p’06 ) is very similar to that reported for N2 breakdown with

CO2 laser radiation at pressures less than ~~
. 3000 torr03’39~.

In Fig 35 similar data are shown for breakdown in ultra—pure Ar. The

threshold at atmospheri c pressure was determined to be 1 .6 x 1010 W .cm 2

which is approximately four times l ower than for air , and a pressure scaling

~ 
p 09

~ 
was deduced from the data . This latter result , whilst agreeing

A --- - - - --- - -- - -
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wi th low pressure breakdown data at other wavelengths~
39’~~

’
~, is surprising,

since for the spot size employed in our experiments , diffusion losses are

calculated to be important at low pressures giving a theoretical pressure

dependence of 
~T 

‘
~ ~~

2 (ll)~ Such calculati ons assume , however , free electron

diffusion which may seriously overestimate the losses during the l atter stages

of breakdown phase when the electron density exceeds ~ 10
8 cm 3 and

arnbipo lar diffusion is expected to become important. It is also probable that

losses due to excited state producti on~~
2
~ and recombinatio n~~~ will

significantly modi fy the pressure scaling.

Breakdown thresholds were also determined for multiline OF laser

radiation focused in dry air and the results of the variation of 
~~~~

- with

pressure over the range “~ 150 - 3600 torr are shown in Fig 36. The pressure

scaling for p ~ 300 torr is similar to that obtained for HF laser radiation

(Fi g 33) but , as expected for the longer wavelength radiation , the threshold

is si gnificantly l ower. For cascade ionizat i on , theory predicts a threshold

scaling wi th wavelength , ~~, of 
~T 

~ ~—2 which gi ves a ratio of 1 .84 for the

HF and OF threshol ds assuming x = 2.8pm and 3.8pm respectively. Experimentally

the ratio at atmospheri c pressure is ‘
~~ 2 which is in good agreement with cascade

theory considering the multiline nature of the radiation .

In our studies no effort was made to fi l ter the gases entering the cell

but analysis of the particle size distribution down to particle sizes of 1pm

(Royco Particle Counter Model 245) was possible and showed that the concentrati on

of these and large r particles was not sufficient to significantl y affect the

breakdow n threshe’~~
40
~ for the foca’~ sp-~’ imensions ~ipl oyed. In this

respect the measured values of 
~T 

are effecti vely tho~~of ‘clean ’ air~
4
~~.

It was found that breakdown could he obtained reliably throughout these

experiments with no auxiliary ionization and it is likely that initial electrons

arise from the irradiation of submicron particles wi thin the focal volume . It

is also possible that initial electrons are produced by laser induced dissociation

____________________________  ______
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of absorbing gases (present as trace impurities ) as has been suggested by

Isenor and Richard son~
42
~ for CO2 laser produced gas breakdown . Some

preliminary experiments in our laboratory in wh i ch HF laser radiati on is

focused into absorb i ng gases show that sub—threshold luminescence can occur

and tha t in these gases the breakdow n threshold is considerably lower than

for non—absorbing gases .

To make a direct comparison of these data with measurements at other

infrare d wavele ngths , care must be taken to ensure that simi lar experi mental

conditions were used since the absolute th reshold value is sensitive to niany

parameters such as spot size and intensity distribution , pulse length and

particul ate contamination . However, using atmospheric pressure clean air

threshold data at l.O6pm~
4
~ and l0.6pm~

40
~ for comparable pulse lengths and

spot sizes we obtain good agreement with a x
.2 

wavelength scaling for the

peak on—axi s breakdown intensity .

.
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Figure Captions

Fig 1 TEA CO2 laser system.

Fig 2 Input energy fl ux density versus output energy flux density for

nanosecond pulses (Gain = l0~).

Fig 3 Polariser analyser configuration

(a) GaAs switch activated

(b) Loss of amplified spontaneous emission from system in the

uriswitched state

Fig 4 Mode locked unstable resonator oscillator

Fig 5 (a) Amplified laser pulse monitored on a photon drag detector and

displayed on a Tektronix 7904 oscilloscope

(b) Ion t ime of fl i ght signals (probe separation 50cm)

(c) X—ray detector signals.

Fig 6 Asymptotic ion expans ion velocity versus fl ux density for i rradiation

of carbon target with Lns pulse (spot size 140pm).

Fig 7 CO2 laser nulse shape used io gas b~’eakdown measurements .
-p -

Fig 8 Pulse width dependence of breakdown in Argon at various pressures

(A = lO .6prn )

Fig 9 Pressure dependence of Argon breakdown threshold for various pulse

widths (A  = lO.6~~) .



Fig 10 Breakdown threshold versus pressure x pulse length (A = lO.6pni )

Fig 11 Breakdown threshold of N2 versus pulse width (A = lO.6i~m)

Fig 12 Breakdown threshold of N2 versus pressure (A = lO.6pm)

Fig 13 Experimenta l circuit for resistive electrode studies .

Fig 14 Circuit for u.v. pre—ion izer experiments .

Fig 15 HF Pin laser , showing l umped Blumlein circuit confi guration.

Fig 16 Laser energy versus SF6 + H2 total pressure (V = 30kV and Pu ‘~SF 
= 1/9).c 2 6

Fig 17 Laser energy versus H2 partial pressure 
~ SF6 

54 torr, Vc = 30kV)

Fig 18 Laser energy versus charging voltage for three circuit configurations ;

curve A Blumlein C1 = 15 x 2.4nF

curve B Blumle in C1 10 x 2.4nF

Fig 19 HF laser pulse shape

Fig 20 Unstable resonator configuration~~d mi rror arrangement for studying far

field. H1 
— plane , N2 — 9m radius of curvature convex , N3 

— lOm radius

con cave, M4 — 20m radius of curvature concave , A1,A2 
— vari able apertures

(A2 located in focal plane of mi rror system), E — joulemeter .

Fig 21 Far field burn patte rn recorded on exposed Polaroid film

(
~~ 

He~~~~
S (b ) Me = 3

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~~ ---—~~ ~~~~~ ~~- j
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Fig 22 Calculated and experimental radial energy distribution in the far

field — calculated for uniformly illumi nated aperture (x = 2.7pm )

with various va l ues for the magni fi cation M (inner di ameter of

constant)

Exp. data 
~ 

Me = 1.5

• Me = 2.2

~ ~
1e =

Fig 23 Ene rgy fl ux density distribution in the near f ield w ith aperture A ,

fully open.

Fig 24 Experimental con figuration for studying the control  of paras itic

osc il lation. 
~ 

— 10cm diameter , 2m radius of curvat ure — concave ,

M2 plane wi th 2mm di ameter 45 ° hole , E1, E2 - joulemeter locations .

Fig 25 Variation of (a) HF laser energy and (b) HF laser power wi th

y (PH/(PH + 
~~

) for various pressures .

Fig 26 Variati on of HF laser energy and power with total operating pressure .

Fig 27 Vari ation of DF laser energy and power wi th y (P 0/P0 + P5)for vari ous

pressures .

Fig 28 Variati on of OF laser energy and power wi th total operating pressure .

Fig 29 Relative emission line energy distribution for HF operati on .

Fig 30 Relati ve emission line energy distribution for OF ope ration . 

— --- - -~~~~~~- - - --~~ - -  ~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ -~~-~~-~~ 
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Fig 31 Experi mental confi gurat ion for breakdow n studi es . A — attenuator

stack ; N1 
— removable plane mirror , N2 

— 2m mi rror; M3 
— focusing

mi rror; B — NaCl beam splitter ; C — pressure cell; 0 — pulse-shape

monitor; E — joulemeter .

Fig 32 Typical laser pulse shapes for HF/OF laser breakdown measurements .

Fig 33 HF laser breakdown threshold versus pressure for laboratory air

(
~

) and dry bottled air (0).

Fig 34 HF laser breakdown th reshold versus pressure for N2

Fig 35 HF laser breakdown th reshold 
~T 

versus pressure for Ar -

Fig 36 DF laser breakdown th reshold versus pressure for dry bottled air.
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RESISTiVE !-:1.ECTP~ODE SY STEM S

Resistive
electrod e Resi stivity C V C Gap Input energy
type ~ cm (kV)

1. SAN -F gr ap h it e !
circular/5cm 200 2~5pF 35—40 — ~ 3 5crL1 60—70
diameter , 4mm -

thick

2.(a) SAN + 98—99Z
grap h i t e  p owder /  200 0~O2p F 20 — ‘~3~5cm 25
10cm x LOcm x
2cm

(b) “ “ - “ 32 250pf “ 
~5O

(c) “ “ O OlpF 25 — 
“ 35

v (d) “ “ 0~02yF 20 “ 30
with p r o f il e

3. SA N + N at.
grap hit e 400 

- 

O~O2pF 20 — 
“ 20

powder / lOcm x
2 O c r n x 2 c n I

Typ i c a l  Gas Mix tu re

160 torr He , 35 -40 torr SF6 and 5 torr H2

TABLE I

1
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